The frequency of transcription initiation at specific RNA polymerase II promoters is, in many cases, related to the ability of the promoter to recruit the transcription machinery to a specific site. However, there may also be functional differences in the properties of assembled transcription complexes that are promoter-specific or regulator-dependent and affect their activity. Transcription complexes formed on variants of the adenovirus major late (AdML) promoter were found to differ in several ways. Mutations in the initiator element increased the sarkosyl sensitivity of the rate of elongation and decreased the rate of early steps in initiation as revealed by a sarkosyl challenge assay that exploited the resistance of RNA synthesis to high concentrations of sarkosyl after formation of one or two phosphodiester bonds. Similar, but clearly distinct, effects were also observed after deletion of the binding site for upstream stimulatory factor from the AdML promoter. In contrast, deletion of binding sites for nuclear factor 1 and Oct-1, as well as mutations in the recognition sequence for initiation site binding protein, were without apparent effect on transcription complexes on templates containing the mouse mammary tumor virus promoter.
INTRODUCTION
The efficiency of promoter-specific transcription by eukaryotic RNA polymerase II (pol II) is subject to control by transcriptional regulatory proteins. In many cases, these proteins have been shown to affect assembly of a transcription complex containing pol II and the general transcription factors (TF) IIA, IIB, IID, IIE, IIF and IIH on template DNA in vitro (1) (2) (3) (4) and in vivo (5) . However, the action of transcriptional regulators is likely not limited to effects on assembly. For example, the level of transcription of several genes, including Drosophila heat shock gene hsp70 (6, 7) and human immunodeficiency virus (8) , are regulated by effects on transcription elongation related to release of paused polymerases at promoter-proximal sites. In addition, promoter-specific differences in the ratio of productive to abortive initiation events have been described (9) and control of this ratio provides an attractive target for postassembly regulation.
In this study, we have used several assays to compare functional properties of assembled pol II transcription complexes on two promoters and their derivatives (Fig. 1) . The adenovirus 2 major late (AdML) promoter is the prototype pol II promoter; it contains a TATA element, an associated initiator (10) and a binding site for upstream stimulatory factor (USF) (11) (12) (13) . The AdML promoter becomes active at the onset of viral DNA replication and directs initiation of a 25 kb transcription unit, the differentially processed products of which serve as mRNAs for viral structural proteins (14) . The mouse mammary tumor virus (MMTV) promoter contains a TATA element, a binding site for nuclear factor 1 (NF-1), two adjacent binding sites for the octamer-binding transcription factor Oct-1 (15) and a binding site for a protein we have termed initiation site binding protein (ISBP) (16) . The MMTV promoter is subject to positive control by several classes of steroid hormones (17) and a mammary cell-specific enhancer (18, 19) , as well as negative control by proximal and distal negative regulatory elements (20) (21) (22) .
Our results indicate that transcription complexes assembled on templates containing different promoters can be functionally distinct. Transcription complexes on templates containing the AdML and MMTV promoters show differential sensitivity to the anionic detergent sarkosyl. In addition, mutations in the initiator element of the AdML promoter alter the sensitivity of elongation to inhibition by sarkosyl, as well as the kinetics of early steps in transcription initiation. Deletion of the USF site in the AdML promoter also affects the sarkosyl sensitivity of transcription.
MATERIALS AND METHODS

Plasmids
The pBML∆12 template, which contains the wild-type AdML promoter, was derived from pML(C 2 AT) 19 (23) . The region of pML(C 2 AT) 19 containing the promoter and G-free cassette was amplified by PCR using pUC forward and reverse universal primers. The amplified product was digested with SmaI, which cuts 3′ of the G-free cassette, and HaeIII, which cuts promoter sequences at -61, and the resulting fragment was ligated into the SmaI site of pUC19 to generate pBML(C 2 AT) 19 . The G-free cassette of pBML(C 2 AT) 19 was shortened by linearizing the plasmid with KpnI, which cuts 3′ of the G-free cassette, and digesting with Bal31 exonuclease. Shortened plasmids were made blunt with the Klenow fragment of DNA polymerase I and recircularized with T4 DNA ligase. Several independent clones were isolated, sequenced and tested in in vitro transcription reactions. pBML∆12 contains wild-type AdML promoter sequences from -61 to +10 linked to a shortened G-free cassette and generates a G-free transcript of 178 nt (see Fig. 1 ).
pAdML(Inrmut), containing mutations that alter the initiator element, was constructed from pBML∆12. Two separate PCR reactions were used to introduce the mutations into the initiator element. The first PCR reaction amplified the promoter region of pBML∆12 using the pUC reverse universal primer and a primer (5′-GAGGGGAAGGTAGTACTGACGAACGC-3′) that hybridized to pBML∆12 between -12 and +14 with mismatches at positions -3, -2, -1, +4 and +5. The second PCR reaction amplified the G-free cassette of pBML∆12 and used a primer (5′-GCGTTCGTCAGTACTACCTTCCCCTC-3′) that also hybridized to pBML∆12 between -12 and +14 with mismatches at positions -3, -2, -1, +4 and +5 along with a primer (5′-GAGTGCACCATATGCGGTGT-3′) that hybridized downstream of the G-free cassette in pBML∆12 in a region that contains a NdeI site (CATATG). Both PCR reactions created a ScaI restriction site (AGTACT) within the initiator element of the AdML promoter. Each PCR product was digested with ScaI, the two fragments were ligated together and the ligated product was isolated by polyacrylamide gel electrophoresis. The isolated fragment was digested with XbaI and NdeI, ligated into XbaI-and NdeI-digested pUC19 and transformed into Escherichia coli HB101. The final construct was verified by DNA sequencing (24) . A G-free transcript of 178 nt can be generated from pAdML(Inrmut).
Plasmid pAdML(∆41), containing AdML promoter sequences from -41 to +10, was constructed from pBML∆12 through PCR amplification of the promoter and G-free cassette. One PCR primer (5′-GGCGAATCTAGAAGGGG-GGCTATAA-3′) hybridized to pBML∆12 between -41 and -27 and contained a 5′-overhang with a XbaI restriction site (TCTAGA) and the second primer was the NdeI site primer described above. The PCR product was digested with XbaI and NdeI and the promoter-containing fragment was isolated by polyacrylamide gel electrophoresis. pBML∆12 was also digested with XbaI and NdeI and the large vector fragment was isolated by agarose gel electrophoresis. Vector and PCR product were then ligated and transformed into E.coli HB101. The final construct was verified by DNA sequencing (24) . A G-free transcript of 178 nt can be generated from pAdML(∆41).
The MMTV promoter template pMBPT3 was described previously (25) . It contains MMTV promoter sequences from -109 to +14 and generates a U-free transcript of 172 nt. MMTV promoter templates with a 5′-deletion to -38 (pTF∆38) or clustered point mutations in the ISBP site [pLS(+6/+8), termed ISBPmut in this report] have also been previously described (25) .
Template DNAs were amplified in E.coli strain HB101 and isolated from 1 l bacterial cultures by alkaline extraction (26) . Plasmid DNA was purified by CsCl gradient centrifugation followed by size exclusion chromatography on Biogel A-5M (Bio-Rad) and ethanol precipitation. Template concentrations were determined by absorbance at 260 nm.
Nuclear extracts
HeLa cells were maintained at 5-10 × 10 5 cells/ml in JMEM supplemented with 5% fetal bovine serum (Life Technologies), 0.2 mM L-glutamine, 100 U/ml penicillin G (sodium salt), 100 µg/ml streptomycin sulfate (Life Technologies) and buffered with 10 mM HEPES (pH 7.4). Nuclear extracts were prepared according to the method of Dignam (27) , with previously described modifications (28, 29) . After ammonium sulfate precipitation, the nuclear extract was resuspended in 4-6 ml TM0.5 buffer (50 mM Tris-HCl, pH 7.9, 1 mM EDTA, 12.5 mM MgCl 2 , 20% glycerol, 500 mM KCl) containing 4 mM DTT and dialyzed at 4°C against four changes of TM0.5 for a minimum of 2 h for each change. The dialyzed nuclear extract was added to 2 ml of DEAE-Sepharose (Amersham Pharmacia Biotech) equilibrated with TM0.5 and mixed gently for 30 min at 4°C. The mixture was centrifuged for 5 min at 3000 r.p.m. at 4°C and the supernatant was dialyzed against TM0.1 (as TM0.5 but with 100 instead of 500 mM KCl) and frozen in 100 µl aliquots for storage at -70°C. This DEAE treatment removes contaminating nucleotides present in the extract. Protein concentration was determined using the method of Bradford (30) with bovine serum albumin as the standard. 
In vitro transcription assays
Prior to use in in vitro transcription reactions, thawed nuclear extract (in TM0.1 storage buffer) was treated with DTT (4 mM) for 15 min on ice. We have found that such treatment restores any loss of activity that may have occurred during storage of the extract (data not shown). Transcription complex assembly was initiated by combining 60 µg nuclear extract protein with 1 µg plasmid DNA in a final volume of 42 µl. Transcription complexes were allowed to assemble for 60 min at 30°C. RNA synthesis was initiated by addition of 8 µl of a mixture containing NTPs that included 10 µCi [α-32 P]CTP (800 Ci/mmol; NEN Life Sciences). Unless otherwise specified in the figure legends, the final NTP concentrations for reactions with AdML promoter templates were 0.6 mM ATP, 0.6 mM UTP and 20 µM CTP. For reactions with MMTV promoter templates, 0.6 mM GTP replaced the UTP. Sarkosyl (SigmaAldrich) was present in some reactions as indicated in the figure legends. Reactions with the AdML promoter also contained RNase T1 (final concentration 1 U/µl), which eliminated low levels of transcription beyond the G-free cassette that were occasionally observed in its absence. RNA synthesis proceeded for 30 min at 30°C unless indicated otherwise in the figure legend. The reactions were terminated by addition of 350 µl of stop buffer [50 mM Tris-HCl, pH 7.5, 1% SDS, 5 mM EDTA, 25 µg/ml tRNA (Sigma-Aldrich)] supplemented with 1000-5000 c.p.m. of a 32 P-labeled recovery control RNA synthesized by SP6 RNA polymerase as described below. Proteinase K (Roche Molecular Biochemicals) was added to a final concentration of 0.1 mg/ml and the samples were incubated for 15 min at 37°C. After extraction with 400 µl of phenol:chloroform (1:1) saturated with a solution containing 100 mM Tris-HCl, pH 7.5, 10 mM sodium acetate, 0.1 M NaCl and 1 mM EDTA, the RNA was ethanol precipitated. Samples were centrifuged in a microfuge for 20 min, washed with 70% ethanol, dissolved in 53% deionized formamide and loaded on 8% denaturing polyacrylamide gels containing 8 M urea. Dried gels were exposed to NEF-496 film (Dupont) for 10-18 h with an intensifying screen at -70°C and quantitated using a Fuji Phosphorimager. Individual lanes were normalized by subtracting background and comparison to the labeled RNA recovery control.
Synthesis of recovery control RNA
Recovery control RNA was synthesized using the SP6 promoter of pGEM (Promega Biosciences). The plasmid was linearized by digestion with PvuII, which cuts at a unique site 98 bp downstream of the transcription start site. Typically, 1 µg linear template was added to transcription buffer consisting of 40 mM Tris-HCl, pH 7.5, 6 mM MgCl 2 , 2 mM spermidine, 10 mM NaCl and 10 mM DTT supplemented with 0.5 mM ATP, GTP and UTP, 0.25 mM CTP, 1 U/ml RNasin (Promega Biosciences) and 10 µCi [α-32 P]CTP (800 Ci/mmol). Synthesis was initiated by addition of 10 U SP6 RNA polymerase (Life Technologies) and continued for 60 min at 37°C. Reactions were terminated by addition of 380 µl of stop buffer and processed as described above for in vitro transcription reactions. After ethanol precipitation, RNA was resuspended in DEPC-treated water at 1000-5000 c.p.m./ml. In vitro transcription reactions contained 1000-5000 c.p.m. of RNA added with the stop solution as a recovery control.
RESULTS
The transcription templates that we employed ( Fig. 1) were based on constructs containing either the AdML promoter (-61 to +10) linked to a G-free cassette that generates a G-free transcript of 178 nt (pBML∆12) or the MMTV promoter (-109 to +14) linked to a T-free cassette that generates a U-free transcript of 172 nt (pMBPT3; 25).
Templates containing derivatives of the AdML promoter included a deletion to -41, which removed the USF site (∆41). In vitro transcription assays in which wild-type and ∆41 templates were quantitatively compared routinely gave ∼5-fold more transcription from the wild-type template (data not shown). Another derivative (Inrmut) contained mutations in the AdML initiator element. The AdML initiator can be recognized by a number of proteins, including YY1 (31), HIP1/E2F (32,33), TFII-I (34), USF (35) and one or more subunits of TFIID (36) (37) (38) . It is not clear which of these proteins is most important for the activity of the initiator in vivo (see Discussion). We introduced mutations into the initiator both upstream and downstream of the transcription start site (Fig. 1A ) that were predicted to alter the function of the initiator (39, 40) and, consistent with this prediction, the overall level of transcription supported by the Inrmut template was ∼50% of that obtained from a template containing the wild-type AdML promoter (data not shown).
Templates containing derivatives of the MMTV promoter included a deletion to -38, which removed the NF-1 and octamer sites (∆38) and mutations that affect binding of ISBP (16) (ISBPmut). These alterations resulted in decreases in the overall level of in vitro transcription to ∼30% (∆38) and 50% (ISBPmut) of that obtained from a template containing the wild-type MMTV promoter (16, 25, 41, 42) .
Rate of RNA synthesis from transcription preinitiation complexes
In an initial experiment to characterize transcription in our in vitro system, we examined the rate at which RNA transcripts were synthesized from assembled preinitiation complexes (Fig. 2) . Transcription complexes were assembled by incubation of supercoiled template DNA with a HeLa cell nuclear extract for 60 min, nucleoside triphosphates (including [α-32 P]CTP) were added at time 0 and reactions were terminated at time t ( Fig. 2A ). Products were fractionated by polyacrylamide gel electrophoresis and specific transcripts were quantitated with a phosphorimager relative to a 32 P-labeled internal standard RNA added with the stop solution, which served to normalize for recovery during preparation for electrophoresis ( Fig. 2B  and C) . Under the conditions employed in this experiment, full-length transcripts from templates containing the AdML wild-type, ∆41 and Inrmut promoters appeared with kinetics that could be closely approximated by a first order reaction with a half-time of ∼2 min (curve in Fig. 2C ). These results were not specific for transcription on AdML promoter-containing templates, as RNA synthesis by complexes assembled on a template containing the wild-type MMTV promoter occurred with essentially identical kinetics. It should be noted that the data in Figure 2C were separately normalized to the maximum signal obtained from each template; thus, differences in the number of transcripts obtained from the various templates are not apparent in this presentation of the results. On an absolute scale with the wild-type AdML promoter template set at 100, transcript levels from the ∆41, Inrmut and MMTV wild-type templates were ∼25, 50 and 20, respectively. In addition, there is no indication that reinitiation occurred on any of the templates; reinitiation would have been observed as a slow increase in transcript levels after an initial first round of RNA synthesis from each active transcription complex (43) or as a time-dependent appearance of a ladder of near full-length transcripts generated as polymerases from reinitiation events collide with those already stalled at the end of the G-free cassette (44) . Based on these results, our assays apparently allow only a single round of initiation from each transcription complex.
Sarkosyl inhibition of RNA synthesis
Sarkosyl is an anionic detergent that has been exploited as an inhibitor of transcription by pol II. Sarkosyl appears to function in at least two ways (43, 45) . At low concentrations (0.01-0.02%) sarkosyl inhibits assembly of a transcription preinitiation complex. RNA synthesis from assembled preinitiation complexes is resistant to these low concentrations but can be inhibited by higher concentrations of sarkosyl. After synthesis of the first one or two phosphodiester bonds, transcription becomes completely resistant to sarkosyl (45, 46) and synthesis of a full-length transcript can occur even in the presence of very high concentrations (up to at least 1%; 46).
Several experiments described below depend on the ability of sarkosyl to inhibit RNA synthesis. To verify the sarkosyl concentration necessary for inhibition in our experimental system, we assembled transcription complexes on AdML and MMTV promoter-containing templates in HeLa cell nuclear extract and, after assembly was complete, added varying concentrations of sarkosyl along with the nucleoside triphosphate substrates needed for RNA synthesis (Fig. 3) . Concentrations >0.15% sarkosyl completely inhibited RNA synthesis by transcription complexes on both AdML and MMTV promoters. Interestingly, preinitiation complexes on the AdML template were significantly more sensitive to sarkosyl inhibition than those on the MMTV template. Transcription from the MMTV promoter was completely resistant to sarkosyl up to ∼0.05%, while transcription from the AdML promoter was partially inhibited at concentrations as low as 0.02%.
Differential effects of sarkosyl on the kinetics of RNA synthesis
The rate of transcription elongation is known to be inhibited by sarkosyl, at least in part due to the sarkosyl sensitivity of some pol II elongation factors (47-49; see Discussion). We examined the effect of a low concentration of sarkosyl (0.02%) that is sufficient to block transcription complex assembly (43, 45 ; data not shown) but not prevent RNA synthesis (Fig. 3) on the kinetics of RNA synthesis. Using templates containing several derivatives of the AdML promoter, the time course of synthesis of full-length RNA under these conditions showed a distinct lag (Fig. 4B) . The lag was significantly longer for both the ∆41 and Inrmut templates relative to the template containing the wild-type AdML promoter. The times at which half of the final levels of RNA were reached were ∼7 min for the template containing the wild-type promoter and ∼9 and 14 min for the ∆41 and Inrmut templates, respectively. This difference was not observed in the absence of sarkosyl, where RNA synthesis from all three templates followed apparent first order kinetics with a half-time of ∼2 min (Fig. 2C , dashed line in Fig. 4B ). In contrast, the time course of RNA synthesis from templates containing the MMTV promoter was only minimally affected by sarkosyl (Fig. 4C) .
Autoradiographs that display the AdML transcripts present as the time course of RNA synthesis progresses are shown in Figure 5 . Apparent elongation intermediates smaller than the expected 178 nt transcript are visible with all three AdML promoter templates; these RNAs appear within ∼2 min after addition of nucleotides and are chased into full-length products. Based on the sizes of the AdML transcript (178 nt) and the recovery control RNA standard (98 nt), we estimate that the smallest RNAs seen on these autoradiographs are ∼50 nt in length. The time courses for the three AdML promoter templates differ in the rates at which the small RNAs are extended to full-length transcripts. The period over which elongation intermediates are seen for the AdML wild-type template extends from ∼2 to ∼8-10 min (Fig. 5A) . The corresponding period for the Inrmut template (Fig. 5C ) is distinctly wider, extending from ∼4 to >15 min, while that for the ∆41 template (Fig. 5B) appears intermediate between the two others. It should be emphasized that the transcribed G-free cassettes of the wild-type and ∆41 templates are identical and the Inrmut template differs only at positions +4 and +5 (Fig. 1A) . Overall, these results suggest that the average rate of transcription elongation is differentially affected by sarkosyl on the three AdML promoter templates. This conclusion is considered in more detail in the Discussion.
Sarkosyl challenge assay
Differential inhibition of the average rate of elongation is not the only possible cause of template-specific changes in the rate of RNA synthesis observed in Figure 4B . Other steps in transcription, including open complex formation and promoter clearance, could also be differentially sensitive to sarkosyl. One assay that we have used to begin to assess effects on these early steps in transcription initiation is based on the observation that even extremely high concentrations of sarkosyl (up to at least 1%) do not affect the ability of elongation complexes to complete a transcript once the first one or two phosphodiester bonds are formed (43, 45, 46) . In this assay, which we have termed the sarkosyl challenge assay, transcription complexes are assembled and at time 0 nucleoside triphosphates necessary for RNA synthesis are added. At time t, sarkosyl is added to a final concentration of 0.2%, a concentration that, if added at time 0, would completely inhibit transcription (Fig. 3) . RNA synthesis is then allowed to proceed for 30 min and the number of full-length transcripts produced is a measure of the number of transcription complexes that had formed one or two phosphodiester bonds (and thus become sarkosyl-resistant) at time t.
Under our standard assay conditions (which included 20 µM CTP) the transition to sarkosyl resistance occurred very rapidly for transcription from both the AdML and MMTV promoter templates (data not shown). Consistent with published results (43, 45) , the transition to sarkosyl resistance for transcription from the AdML promoter was complete in <1 min (data not shown). We also found that the MMTV promoter completed the transition to sarkosyl resistance in <1 min under these conditions (data not shown). However, when the CTP concentration was lowered from 20 to 5 µM, the rate of transition to sarkosyl resistance for transcription from the AdML template was significantly decreased. For example, in a sarkosyl challenge experiment with the wild-type AdML promoter template in which 0.02% sarkosyl (the same concentration used in the experiments in Figs 4 and 5) was added with the nucleotide substrates at time 0 (Fig. 6A) , transition to resistance to 0.2% sarkosyl followed apparent first order kinetics with a half-time of ∼1 min (Fig. 6B, solid circles) . The rate of this transition was not affected by the presence of 0.02% sarkosyl templates are shown. Data points represent the average of three independent experiments; standard errors for each point were <15% of the mean. Transcription from each template in (B) and (C) was separately normalized to the maximum level obtained for that template and template-specific differences in transcription are therefore not seen in this presentation of the data. The effect of sarkosyl on the maximum level of transcription from templates containing mutated AdML or MMTV promoters was approximately equivalent to the effect on the corresponding wild-type template (Fig. 3) . The smooth curves shown as dotted lines in (B) and (C) represent first order reactions with halftimes of 2 min (the same curve as shown in Fig. 2C ).
during the initial phase of the reaction (see below). Transition to sarkosyl resistance remained very fast with all of the MMTV promoter templates under any conditions tested (Fig. 6C) .
The AdML ∆41 and Inrmut promoter templates were also used in the sarkosyl challenge assay (Fig. 6B) . It is important to note that the transcribed regions of the wild-type and ∆41 promoters are identical and the mutations introduced into the Inrmut promoter do not change the first 3 nt of the transcript (Fig. 1B) ; thus, the nucleotides required to be transcribed to attain resistance to 0.2% sarkosyl in the challenge assay are the same in all three promoters. Transcription complexes on both the ∆41 and Inrmut templates were significantly slower in attaining sarkosyl resistance than those on the wild-type template (Fig. 6B ) and the transitions could be reasonably fitted by first order curves with half-times of ∼3-4 min. The relative transcription levels in Figure 6B were separately normalized for each promoter to emphasize the rate difference and decreases in the overall level of transcription caused by the mutations are not seen in this presentation of the data. Representative autoradiographs for the sarkosyl challenge assays graphed in Figure 6 are shown in Figure 7 and the slower rate of transition to sarkosyl resistance of the ∆41 and Inrmut templates is evident. These autoradiographs were exposed to give approximately equal intensities of the specific transcripts and promoter-specific differences in overall transcription levels are not seen.
In order to assess whether the template-specific differences observed in Figure 6B were dependent on the low concentration of sarkosyl added with the nucleotide substrates (Fig. 6A) , we performed an additional set of sarkosyl challenge assays with the AdML promoter templates in which no sarkosyl was present until the 0.2% sarkosyl challenge at time t (Fig. 8A) . Under these conditions, the ∆41 and wild-type templates behaved essentially identically, while transition to sarkosyl resistance was somewhat slower for the Inrmut template. Interestingly, the kinetics for the AdML wild-type promoter template were independent of the presence of 0.02% sarkosyl (compare Figs 6B and 8B) . The curves in Figure 8B represent first order reactions, but the data for the Inrmut template do not fit particularly well; the apparent plateau attained in the first 2 min of the reaction (which was quite reproducible) suggests that there may be two types of complexes formed, one that attains sarkosyl resistance very rapidly and another that is much slower. This observation is considered more fully in the Discussion.
DISCUSSION
Template-specific sarkosyl sensitivity of elongation
One of our most striking observations is the reduced rate of RNA synthesis on the ∆41 and Inrmut templates in the presence of sarkosyl (Figs 4B and 5 ). For the Inrmut template it could be argued that the slower kinetics of RNA synthesis might result entirely from sequence-specific pausing near the initiation site, the only place where the transcribed regions of the wild-type and Inrmut templates differ (Fig. 1A) . According to this idea, the reduced rate of RNA synthesis would not be related to initiator function, but rather to sequence-specific effects of the initial transcribed sequence. It should be noted that, as CTP is the labeled nucleotide in our reactions and is present at limiting concentrations (20 µM in the experiments in Figs 4 and 5) , changes in the Inrmut template do not introduce additional C residues into the initial transcribed region; one C is introduced at +5, but the wild-type C at +4 is replaced with an A. While we cannot totally discount potential effects of pausing in the initial transcribed region of the Inrmut template, the slower rate at which nascent transcripts were chased into full-length product (Fig. 5) clearly indicates that the rate of elongation in the presence of a low concentration of sarkosyl is decreased with this template. It seems most likely that the absence of a functional initiator results in a transcription complex with increased sensitivity to sarkosyl.
RNA synthesis with the ∆41 template was also significantly slower than with the wild-type template in the presence of sarkosyl (Fig. 4B) . The wild-type and ∆41 templates are identical in the transcribed G-free cassette and, therefore, such differences cannot be invoked to account for the differential sarkosyl sensitivity of the rates of RNA synthesis on wild-type and ∆41 templates. It seems most likely that the absence of USF results in a transcription complex with increased sensitivity to sarkosyl.
For all three of the templates shown in Figure 5 , a small fraction (2-3%) of the transcription complexes are able to make a full-length transcript within 1-2 min. This may be the result of a limiting concentration of a specific factor in our extract (48, 50) that decreases the sarkosyl sensitivity of elongation.
Template-specific rates of early steps in initiation
Template-specific differences in the AdML promoter templates were also observed with an assay sensitive to early steps in transcription initiation. This assay, which we have termed the sarkosyl challenge assay, measures the transition to a complex that is resistant to high concentrations (0.2%) of sarkosyl and requires the formation of one or two phosphodiester bonds of the nascent transcript (45, 46) . All three AdML promoter templates are identical at positions +1, +2 and +3 (Fig. 1A) and, therefore, the nucleotides required to be incorporated into the RNA before attaining sarkosyl resistance are the same in each template. In the presence of 0.02% sarkosyl, transition to resistance to the higher sarkosyl concentration was significantly slower for the ∆41 and Inrmut templates relative to the template containing the wild-type promoter (Fig. 6B) . The transition kinetics could be approximated by first order reactions with half-times of ∼1 min for the wild-type template and 3-4 min for the ∆41 and Inrmut templates. Processes required for the transition to sarkosyl resistance could include ATP-dependent steps, such as open complex formation (51, 52) and phosphorylation of the C-terminal domain of the largest subunit of pol II (53) , as well as phosphodiester bond formation. For the Inrmut template, we cannot eliminate the possibility that the sarkosyl sensitivity of one or more of these processes is sequence-dependent in a manner that is not related to initiator function. However, for the ∆41 template, sequences near the initiation site are identical to those in the wild-type template and the most plausible cause for their different behavior relates to whether USF is present on the template.
Interestingly, the kinetics of the sarkosyl challenge assay differ for the wild-type and Inrmut templates even in the absence of 0.02% sarkosyl (Fig. 8) . While the data in Figure 8B were fitted to first order reactions, the fit was not particularly good for the Inrmut template. The apparent plateau between 0.5 and 1.5 min, which was very reproducible, could be indicative of two classes of transcription complexes that differ in the rate at which they attain resistance to sarkosyl; the distinction between wild-type and Inrmut templates might then be considered as a difference in the relative abundance of the two classes of complexes. It should be emphasized that the slower kinetics are not related to the number of C residues present in the initial transcribed region; the wild-type and Inrmut templates have the identical number and the alterations in the Inrmut template actually change the position of one C from +4 to +5, where it is probably less likely to influence the kinetics of the sarkosyl challenge assay.
Transcription complexes with different functional properties
If, as suggested by the differential activities of the various templates, transcription complexes with distinct functional properties are present on AdML wild-type, Inrmut and ∆41 templates, the altered function(s) could have several causes. The absence of specific protein binding at the USF or initiator sites could result, directly or indirectly, in altered function of some component of the transcription complex. Such components could include TFIIH, which contains helicase and kinase activities (54) necessary for early steps in initiation (55) (56) (57) (58) (59) , TFIIE, which has been implicated in transcription initiation (60, 61) , or pol II itself. Other activities might also be affected, such as the elongation factor SII, which is known to be sarkosyl sensitive (47) . This sensitivity might be altered by protein-protein interactions within the preinitiation complex.
While USF is likely to be the protein whose specific association with the transcription complex is lost in the ∆41 template, it is not clear what functional DNA-protein interactions might be disrupted in the Inrmut template. A number of proteins have been reported to recognize initiator elements, including YY1 (31), HIP1/E2F (32,33), TFII-I (34), USF (35) and TFIID (36) (37) (38) . However, there is no general correlation between YY1 (39) or HIP1/E2F (39,62) binding with initiator activity. Furthermore, a degenerate initiator consensus sequence derived from the analysis of mutated initiator elements [PyPyAN(T/A)PyPy, with initiation at the A at position 3] does not fit well with consensus USF and TFII-I binding sites (39, 40) , although both of these proteins recognize the AdML promoter initiator and can affect transcription by binding to this site (34, 35, 63) . It has been proposed (39) that some initiators, such as that from the AdML promoter, could interact with TFIID, the binding of which is strictly dependent on the most conserved nucleotides in the initiator consensus (36, 37, 40) , as well as promoterspecific factors such as USF or TFII-I. The mutations introduced into the Inrmut template (Fig. 1A) change two pyrimidines in the initiator consensus to purines, but they also affect nucleotides that are part of the E-box binding site for USF and TFII-I, which even in the wild-type promoter is not a particularly good match to the consensus (CACGTG; 64).
Transcription from AdML and MMTV promoter templates is differentially sensitive to sarkosyl
Two obvious differences distinguish the behavior of templates containing AdML and MMTV promoters in our experiments. First, RNA synthesis on a template containing the AdML promoter is significantly more sensitive to sarkosyl, as seen in the lower concentration of sarkosyl required to inhibit RNA synthesis from the wild-type AdML template (Fig. 3) , as well as in the effect of sarkosyl on the kinetics of RNA synthesis (Fig. 4) . In addition, the kinetics of the sarkosyl challenge assay were too rapid to measure in all of the experiments with MMTV promoter templates (Fig. 6C) . While it is tempting to speculate that such differences reflect inherent properties of these promoters, it is also possible that they are related to sequence-specific effects of the G-free (AdML) or T-free (MMTV) cassettes present on the templates. At present we cannot distinguish these possibilities.
Effect of transcriptional activators on steps subsequent to preinitiation complex assembly
Many experiments support the idea that pol II transcriptional activators stimulate transcription complex assembly in vivo (5) and in vitro (4, 65) . However, assembly is not the sole determinant of transcriptional efficiency. Quantitation of transcription complex assembly independent of RNA synthesis has shown that differences in promoter strength can result from differences in initiation or promoter clearance (65) . Transcription can also be limited by elongation efficiency. Nuclear run-on experiments with a number of genes have shown that promoter-proximal sequences have a much higher density of elongating polymerase than promoter-distal sequences in vivo (7, (66) (67) (68) (69) Data points represent the average of three independent experiments; standard errors for each point were <10% of the mean except for the 1.5 and 4 min time points for the ∆41 template, for which the standard errors were ∼20% of the mean, and the 1.5 min time point for the Inrmut template, for which the standard error was ∼30% of the mean. Transcription from each template was separately normalized to the maximum level obtained for that template. The smooth curves shown represent first order reactions with half-times of 0.8 and 2 min. and the apparent processivity of elongation can be increased by some, but not all, transcriptional activators (66) (67) (68) 70) . Several activator proteins have been demonstrated to fall into one of three classes on the basis of whether their primary effect is on initiation/assembly, elongation or both, and the ability of an activator to affect elongation was shown to correlate with its ability to interact with TFIIH in vitro (70) . For at least some of the genes in which elongation appears to be a regulated event, pol II does not proceed beyond ∼25-30 nt from the initiation site in the absence of activation (6, 67) , suggesting that steps related to promoter clearance might be targets for regulation. Indeed, several in vitro studies have shown that pol II does not efficiently polymerize >10-15 nt in the absence of ATP and TFIIH (56, 58, 61, 71) and, in some cases, phosphorylation of the C-terminal domain of the largest subunit of pol II has been implicated as important for transcription of promoter-distal sequences (72) (73) (74) (75) . None of the transcriptional regulators recognized as being important for transcription from the AdML or MMTV promoters have been included in any of these studies and it is therefore difficult to determine whether our observations are mechanistically related to some of these published results.
Sarkosyl has figured prominently in many of the studies dealing with regulation of elongation. Stalled polymerases near the 5′-end of the Drosophila hsp70 gene could not be detected in the absence of sarkosyl or high salt (7), both of which could strip away histones and non-specific DNA-binding proteins from the template and also inhibit the activity of elongation factors (48) . In addition, sarkosyl or sarkosylwashed transcription complexes have been used to define promoter-proximal limits to elongation on the c-fos gene (69) , as well as the TFIIH-dependent release of paused polymerases mediated by Gal4-VP16 (58) . Thus, sarkosyl dependence of some of the effects we observe does not distinguish our results from many other experiments that have addressed similar questions. While the specific effects of sarkosyl may not be directly relevant in vivo, the differential sensitivity of transcription complexes to inhibitors like sarkosyl is clearly revealing altered functional properties, which are likely to have an impact on transcription under physiological conditions.
